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Introduction
Drought has been defined in many different terms and interpreted in
different ways by the meteorologist, hydrologist and agriculturist. Essentially, the interpretation has depended on the means of evaluation.
Hofmann and Rantz (7) define drought as a sustained period of
significantly subnormal water or moisture supply. The hydrologist is
essentially concerned with precipitation and runoff and often defines
drought as a given period without rain. Agriculturists define drought in
terms of soil moisture as related to crop growth. Van Bavel (11) considers agricultural drought to exist on those days when available soil
moisture is equal to or less than that needed for satisfactory growth of
the dominant crops. Viets (15) recently defined drought "as any period
when water deficiency, either acute or chronic, affects plant growth and
the decision on what to plant and how to grow it."

Figure 1.
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Soil-Water-Plant Relationships.

Contribution from USDA, ARS, Agricultural Environmental Quality Institute,
Beltsville, Md. 20705, and Maine Life Sciences and Agriculture Experiment Station,
Orono, Maine 04473. Presented at the Northeast Branch American Society of
Agronomy, University of Delaware, Newark, Delaware, June 19, 1971.
Research Soil Scientist, USDA, and formerly adjunct professor. University of Maine,
Orono, Maine.
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Any assessment of drought and its consequences on crop growth
must consider the water balance in the root zone. The total water
balance of the root zone is equal to the amount of water received as
precipitation and irrigation, less the amount of water withdrawn from
the soil (Figure 1). Water is lost from the soil by runoff, drainage, and
evapotranspiration. Water movement into or out of the root zone de
pends on the transmission and retention characteristics of the soil.
Transpiration, the loss of water vapor from plants, is influenced by plant
structure, stomatal behavior and environmental factors such as light
intensity, temperature, wind, and water supply to the roots. In evaluating drought, one must consider plant response at different stages of

Figure 2.

Seasonal Precipitation.
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growth and the physiological development of the plant as a result of
water stress. This means considering not only the total water balance
within the root zone, but also the effect the changes in the moisture
regime have on plant growth, development and productivity.
Precipitation
Average precipitation during the growing season for the Northeastern United States is illustrated in Figure 2. Precipitation for May through
October ranges from 17 inches in the northwestern corner of New York
State to 26 inches in the eastern mountains of Pennsylvania. However,
in general, precipitation differs by only 2 to 4 inches in the major
crop-growing areas of the Northeast. Even though the long-term average seasonal precipitation may seem to be adequate for plant growth, the
variability of rainfall may result in critical soil moisture periods in some
years.

Figure 3.

Probability of receiving a given amount ot precipitation or more for Maine,
Massachusetts and New York.

Data presented in Figures 3 and 4 indicate the probability of receiving a given amount of precipitation or more from selected stations in the
Northeast (3). For each station the upper curve represents the 50%
probability of weekly rainfall and the lower curve the 70% probability
value. For example, at Presque Isle, Maine, (Figure 3) there is a 50%
chance in May that precipitation will be less than 0.6 inch per week, and
a 30% chance that it will be less than 0.3 inch per week. In June and July,
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Probability of receiving a given amount of precipitation or more for Pennsylvania, Maryland and West Virginia.

the 50% probability lies between 0.6 and 0.73 inch per week, and 30% of
the time rainfall during these months will be less than 0.4 inch per week.
In August, when potatoes are sizing-up, the chance of having adequate
(1 inch per week) water is greatly diminished. About 0.5 inch per week
can be expected only 50% of the time.
In the Connecticut River Valley, illustrated by the Springfield,
Massachusetts station, the 50% probability curve ranges from 0.6 to 0.7
inch per week in May and June; 0.5 to 0.6 inch per week in July; and 0.5
to 0.68 inch in August.
At the Geneva, New York, Agricultural Experiment Station, the
50% weekly rainfall probability is less than 0.6 inch per week in June,
and from July through October less than 0.5 inch per week can be
expected 50% of the time. In one out of 3 years, less than 0.30 inch per
week can be expected in western New York.
Rainfall probability data for Pennsylvania, Maryland and West
Virginia are shown in Figure 4. At State College, Pennsylvania, from
the first week in May to the middle of July, one can expect to receive
between 0.6 to 0.75 inch per week 50% of the time. In the latter part of
the growing season, the 50% probability drops to a low of 0.37 inch per
week. In approximately 1 of 3 years one can expect weekly precipitation
to be less than 0.4 inch from May to mid-August and 0.20 inch or less
from mid-August through October.
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At Salisbury, Maryland, rainfall is less variable during the growing
season. From mid-May to mid-September there is a 50% chance of
having 0.6 inch of rainfall per week. For 30% of the time precipitation
will be less than 0.3 inch per week from May 23 to August 23.
The data from Charleston, West Virginia, are similar to those from
Salisbury, Maryland. Rainfall decreases rapidly in mid-August, September and October as compared to earlier months. Thirty percent of
the time one can expect less than 0.4 inch per week from May 20 to
August 1 and less than 0.2 inch per week in September.
Obviously, precipitation is only a part of the drought picture. For
later comparison keep in mind that, in the Northeast, one generally can
expect about 0.6 inch of rainfall per week 50% of the time and about 0.3
inch per week 30% of the time.
Evapotranspiration
Evapotranspiration is the combined loss of water from plant surfaces and from soil or water surfaces. Figure 5 shows the seasonal
potential evapotranspiration (PET) in the Northeast as calculated with
the Penman equation (8). The data were handled in the same manner as
by Van Bavel and several coauthors (1,12,13, and 14) for the Southeastern States and Minnesota. Data were obtained from first-order weather
stations, United States Weather Bureau.
The Penman equation was selected because it is physically based on
a combination of energy balance and aerodynamic transport considerations. Thus it includes the radiant energy received, the advective heat
received, and the energy lost by reradiation from the crop and soil
surface. Other evapotranspiration calculations assume good correlations between radiant energy and temperature and use mean temperature for potential evapotranspiration calculations. Taylor and Ashcroft
(10) indicate that the Penman method is preferred to other empirical
methods for estimating potential evapotranspiration. A review of
evapotranspiration techniques and comparisons has been made by
Rosenberg et al. (9).
In northern Maine seasonal PET is 17 to 18 inches, which is 2 inches
less than the seasonal rainfall. However, runoff in the area during the
same period exceeds 1 inch per month (6 inches during the growing
season), which consequently reduces the available water in the soil.
In the rest of New England, PET is 20 to 22 inches and essentially
equals precipitation. In western New York, the PET of 21 to 23 inches
exceeds the 17- to 21-inch rainfall. For the remainder of the Northeast,
PET and precipitation are about equal at 23 to 24 inches. Water loss to
percolation and runoff may cause serious shortages in the water available for plant growth, however. Studies in North Carolina and Georgia
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Seasonal Potential Evapotranspiration.

indicate that runoff from forest or cropland can amount to 10 to 30% of
the precipitation.
The variability in PET can further be seen by examining the daily
potential evapotranspiration (Figure 6). In May, PET was less than 0.10
inch per day for Caribou, Maine, approximately 0.12 inch in the Connecticut Valley region and Upper State New York, and between 0.13
and 0.14 inch in Philadelphia and Baltimore. The data for Richmond,
Norfolk and Lynchburg, Virginia, are from Van Bavel and Lillard (13).
PET in July was 0.13 inch per day in Caribou, Maine; 0.16 inch in
southern New England; 0.16 inch in Rochester and Binghampton, New
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Daily potential evapotranspiration for May, inches per day.

York; 0.17 inch in Harrisburg, Pennsylvania; and 0.18 inch per day for
Baltimore, Maryland (Figure 7). One should keep in mind that PET is the
maximum evaporation rate from afield. Penman (8) states that it is "the
amount of water transpired in unit time by a short green crop, completely shading the ground, of uniform height and never short of water.''
Actual evapotranspiration may not equal PET. The ratio of actual
to potential evapotranspiration will differ with time as a result of the
extraction of water from the soil. When the potential evapotranspiration
is low, the actual evapotranspiration will be equal to or greater than the
potential at a high soil water potential (10). Gardner and Ehlig (6)
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Daily potential evapotranspiration for July, inches per day.

demonstrated that transpiration rate is mainly governed by meteorological factors until the plant begins to wilt. Until this point, the ratio of
actual to potential evapotranspiration is about 1.0. After plants wilt, the
availability of soil water governs the transpiration ratio and the ratio of
actual to potential evapotranspiration decreases.
Four stations in the Northeast were selected to illustrate the variability of potential evapotranspiration during the growing season and to
relate PET to precipitation (Figures 8, 9, 10, and 11). These stations
were selected based on an article by Brady et al. (2). The four stations
are: Caribou, Maine, in the potato region of Aroostook County; Roches-
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ter. New York, in the fruit, truck and dairy farming area of western New
York; Harrisburg, Pennsylvania, in the dairy and general farming area of
central Pennsylvania and north-central Maryland; and Baltimore, Maryland, the closest first-order station to the Delmarva peninsula.
In the Caribou, Maine area, potatoes are grown on approximately
160,000 acres and represent an income of approximately $180 million.
Other crops in the area are oats and peas. The growing season of
approximately 120 days begins in the middle to latter part of May and
ends in late September or early October. The number of growing
degree-days for the growing season based on a temperature of 50° is
approximately 1,575. Average monthly precipitation and potential
evapotranspiration were calculated for 1961-1970 (Figure 8). During

Figure 8.

Precipitation and potential evapotranspiration May to October for Caribou,
Maine.

May and June, PET exceeded precipitation. During July, precipitation
slightly exceeded PET. As indicated earlier, there is a 50% chance that
precipitation will be less than 0.75 inch per week for June and July, and a
30% chance that weekly rainfall during these months will be less than
0.40 inch. During 1961 to 1970, each year had at least one 10-day period
during July that had less than 1.0 inch of rainfall. In 7 of the 10 years, the
July 10-day minimum period was less than 0.5 inch. In August, in 9 of 10
years there was a 10-day minimum that had less than 1.0 inch of water
and for half the years the 10-day minimum was less than 0.5 inch. Runoff
in the area exceeds 5 inches for the season. Consequently, the amount of
water available for evapotranspiration is less than is indicated by the
precipitation.
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Rochester, New York, is in western New York on the southern
shore of Lake Ontario. Farm income depends largely on truck, fruit and
other cash crops. In the four counties bordering Lake Ontario, grow
70% of New York's plum and peach trees, 80% of the cherries, 50% of
the pears and 40% of the apples. About 70% of the tomatoes produced in
New York State are grown in this area. The growing season averages
between 175 and 180 days. The number of degree-days based on a
temperature of 50° is approximately 2,596.
Except for October, potential evapotranspiration exceeded precipitation throughout the growing season (Figure 9). Potential evapotranspiROCHESTER.NY

Figure 9.

Precipitation and potential evapotranspiration May to October for Rochester,
New York.

ration was 3.79 inches in May; 4.53 inches in June; 4.81 inches in July;
4.09 inches in August; 2.46 inches in September, and 1.48 inches in
October. During May through August, the probability of receiving an
inch of rain per week or approximately 4 inches per month to satisfy the
evapotranspiration demand is between 17 and 26 percent.
Harrisburg is in southeastern Pennsylvania, just north of Lancaster
and York Counties in Pennsylvania and Carroll County, Maryland. The
area produces cash crops as well as corn, oats, and wheat. Adjacent
counties—Adams, Berks, and Franklin in Pennsylvania and Washington in Maryland—grow extensive acreages of apples. The growing season generally runs from April 10 to the end of October, or approximately
201 days. The growing degree-days above a base of 50° are more than
3,100.
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Potential evapotranspiration exceeded precipitation from May to
September (Figure 10). The PET precipitation deficit was 1.3 inches for
May; 2.0 inches for June; 1.2 inches for July; and 1.0 inch for August.

Figure 10. Precipitation and potential evapotranspiration May to Octoberfor Harrisburg,
Pennsylvania.

The probability of receiving an inch or more of precipitation per week
for the area is only 35%.
To represent the middle Atlantic Coastal Plains, particularly the
Delmarva peninsula area, the data for Baltimore, Maryland, were used.
The most common crops in the area are corn, soybeans, and small
grains. Vegetable production for both the fresh market and processing is
important. The growing season is approximately 200 days. The mean
number of growing degree-days is over 3,700 for Dover, Delaware, and
3,900 for Salisbury, Maryland.
PET exceeded precipitation for all months except October (Figure
11). In May, PET was 4.4 inches as compared with 2.6inches of rainfall;
in June PET was 5.1 inches and precipitation was 3.6 inches. PET for
July was 5.46 inches compared with 3.0 inches of precipitation. Precipitation exceeded potential evapotranspiration by 0.9 inch in August and
0.4 inch in September. The probability of receiving an inch or more of
precipitation per week during the growing season varies from 29 to 45%
at Dover, Delaware, and 27 to 43% at Salisbury, Maryland.
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Figure 11. Precipitation and potential evapotranspiration May to October for Baltimore,
Maryland.

Soil-Plant Relationships
As pointed out earlier, soil and plant factors that influence the water
available for plant growth must be considered in any evaluation of
drought. Although evapotranspiration is often the largest component of
the water balance, one cannot ignore downward or upward flow of water
in the root zone. The hydraulic conductivity of a soil and, consequently,
the rate at which water is available to the root decreases rapidly as soil
water potential decreases. When the water potential is -15 bars, the
hydraulic conductivity is only about 1/1,000 as much as at saturation. At
near saturation, the gravitational component of the total water potential
is important. As drainage proceeds, the large pores are emptied of water
and the contribution to the total water potential due to the gravitation
potential greatly diminishes, whereas the contribution of the matric
potential increases. The matric potential is the result of capillary and
adsorbed water.
The relationship between hydraulic conductivity and water retention differs between soils of different textures. The conductivity of
coarse-textured soils is high at low soil water potentials, but decreases
more rapidly than that of fine-textured soils.
Figure 12 shows the number of days it would take to deplete water
to -1 bar in the 12-inch root zone of several soils in the Northeast. One
bar was selected because most plants show stress at this value. The data
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Figure 12. Number of days to deplete water in a 12 inch root zone to 1 bar.

represent 70 soils grouped into the 4 textural classes illustrated. The
PET represented the range in inches per day in July. When soil suction is
less than -1 bar, there is a negligible suction gradient; the capillary
conductivity of the soil is sufficiently high to move water to the plant
root. For many soils, water movement to the root is not limiting at
suctions below -1 bar. As the soil dries out beyond the -1 bar value, the
conductivity diminishes greatly and the rate of water uptake by the root
is limited by the greatly diminished conductivity of the soil. At this soil
water potential, the ratio of actual to potential evapotranspiration is
nearly 1.0.
In an area such as southeastern Pennsylvania, Delaware and Maryland where the potential evapotranspiration is 0.16 inch in July, soil
water would be depleted to -1 bar in 8 days for a silt loam and 6 days for a
sandy loam.
On a Caribou silt loam soil in Maine, water may be depleted to -1 bar
in 9 to 10 days, assuming that the soil was initially at field capacity.
However, field capacity is seldom reached during the growing season. In
the latter part of July 1967 it took only 3 days to deplete the soil moisture
from -0.1 bar to -1.0 bar, whereas in early July 1969 depletion to -1 bar
took 9 days. Figure 13 shows the soil water potential of a Caribou silt
loam as related to precipitation during 1970. The soil water potential at 8

14
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Figure 13. Soil water potential of a Caribou silt loam as related to precipitation and
irrigation, 1970.

inches was rarely greater than -1 bar. A minimal soil water potential
of -5.5 bars was recorded on August 10.
Feddes (5) attempts to relate all the factors affecting maximum
water available for evapotranspiration. As he points out, one must be
informed as to precipitation, depth of root zone, depth of ground water
table and the hydrologic properties of the soil.
Finally, to complete the drought picture, one must consider the
plant and leaf characteristics affecting evapotranspiration and the consequence of water stress on plant growth. Differences among varieties in
growth habit or leaf characteristics can be significant in the transpirational flow. The number of stomates per unit leaf area differs widely
among potato varieties. The average number of stomates for the upper
leaf surface of the Katahdin cultivar is approximately 7,000 per cm2
(Figure 14). For the Russet Burbank variety, there are only 2,000 stomates per cm2 (Figure 15). The lower surface of the Katahdin variety has
up to 24,000 stomates (Figure 16); the Russet Burbank, about 20,000
(Figure 17). The stomates on the potato plant remain partially open
continuously except for about 3 hours after sunset. Russet Burbank has
a leaf surface area 1.5 to 2 times that of Katahdin during most of the
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Figure 14. Stomates in the upper leaf surface of the Katahdin potato variety.

Figure 15. Stomates in the upper leaf surface of the Russet Burbank potato variety,
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Figure 16. Stomates in the lower leaf surface of the Katahdin potato variety.

Figure 17. Stomates in the lower leaf surface of the Russet Burbank potato variety.
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growing season. The Russet Burbank variety has smaller leaflets and the
plant tends to be prostrate due to branching. The Katahdin variety has
larger leaflets and the plant is more erect.
The different characteristics of these two varieties appear to affect
the transpiration and the internal water stress (4). The difference in
relative water content for the two varieties was greatest under irrigation
or when water was more readily available. These two varieties also
appear to respond differently to water stress. Field water stress reduced
total yields of the Katahdin variety much more than those of the Russet
Burbank variety. However, the Russet Burbank variety developed
many more malformed tubers, thus reducing the marketable yield.
Breeding potato varieties that would close stomates at night or when
water stress appeared could result in reduced transpiration.
Considerably more information is needed on the mechanisms controlling water loss from plants, plant response to water stress at different
growth stages, and biochemical and physiological changes resulting
from water stress to adequately predict and ameliorate the effects of
drought.
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